ABSTRACT: Preterm infants are exposed to conditions that can impair renal function. We evaluated the ability of serum and urinary neutrophil gelatinase-associated lipocalin (sNGAL and uNGAL) to predict renal function in the first weeks of life. From September 2008 to July 2009, infants weighing Յ1500 g at birth with no major congenital anomalies or sepsis were eligible. We measured sNGAL and uNGAL levels at birth. To evaluate renal function, we determined changes in serum creatinine (sCreat) and estimated GFR (eGFR) from birth to d 21. Forty neonates (mean GA, 27 Ϯ 2 wk) completed the study. Renal function improved in 32 of 40 (80%) infants (normal renal function, NRF group) (sCreat, from 0.97 Ϯ 0.2 to 0.53 Ϯ 0.13 mg/dL; eGFR, from 15.3 Ϯ 4.1 to 28.6 Ϯ 7.9 mL/min), whereas renal function worsened in 8 of 40 (20%) infants (impaired renal function, IRF group) (sCreat, from 0.71 Ϯ 0.27 to 0.98 Ϯ 0.43 mg/dL; eGFR from 23 Ϯ 14.7 to 16.4 Ϯ 9.1 mL/min). The uNGAL/urinary creatinine (uCreat) ratio at birth was higher in the IRF group (31.05 ng/mg) than the NRF group (6.0 ng/mg), and uNGAL was significantly higher in IRF group, detecting IRF with a cutoff of 100 ng/mL. uNGAL levels at birth may have a predictive role in very LBW (VLBW) infants.
T he incidence of preterm birth is growing in developed countries. In addition, the survival rate for preterm infants has improved substantially (1, 2) , from 74% in the 1980s to 85% today (3, 4) , with better results also for babies with very low GA. However, survivors have high rates of neonatal complications, neurodevelopmental problems, and long-term renal complications (2, (5) (6) (7) .
Preterm infants are particularly susceptible to renal damage because they are born before week 36 of gestation, when the complex process of nephrogenesis is still incomplete (8) . Moreover, in the first weeks of life, they are likely to experience complications or be exposed to therapies that can cause renal injury, including hypotension, hypoxia, mechanical ventilation, ibuprofen, or aminoglycoside infusion. The effects of these conditions/therapies on future renal function are not completely understood (9) , but emerging epidemiologic data show that premature birth is associated with an increased incidence of hypertension (10 -12) , proteinuria, and chronic renal failure (6, 7, 13) in adulthood. Furthermore, weight for GA is a baseline predictor of kidney function and blood pressure in adulthood (6, 13, 14) .
During the first days of life, renal function is immature in very LBW (VLBW) infants, and its progressive development is influenced by maternal creatinine level and is proportionate to postnatal age, even in newborns of very low GA (15) . Serum creatinine (sCreat), a marker of GFR, increases during the first 48 h of life, with a peak inversely related to birth weight (BW) and GA (16) . The high level of sCreat during the first days of life is related to factors such as low glomerular filtration and increased tubular reabsorption caused by immature glomerular, tubular, and vascular structures. However, sCreat gradually decreases with improved renal function during the next 2 to 3 wk (15) .
Recently, several authors have reported that the injury biomarkers neutrophil gelatinase-associated lipocalin (NGAL) (17) and kidney injury molecule-1 (KIM-1) (18) may be useful to evaluate renal function in neonates. Two studies reported that in VLBW preterm infants, urinary NGAL (uNGAL) levels are inversely related to BW and GA (19, 20) . However, the value of these biomarkers as predictors of renal function in very preterm infants has not yet been assessed.
The aim of this study was to evaluate prospectively the clinical and prognostic significance of these biomarkers at birth as predictors of renal function in the first weeks of life. We also evaluated possible associations between the new biomarkers and clinical factors of the first phases of life in VLBW neonates.
METHODS

Patients.
Infants weighing Յ1500 g hospitalized in S. Orsola University Hospital NICU from September 2008 to July 2009 were eligible for the study. Exclusion criteria were major congenital anomalies, abnormal karyotype, sepsis at birth (C-reactive protein Ͼ1.5 mg/dL or positive microbiological blood culture). The 5-min Apgar score was calculated for each infant, and prospective clinical data were obtained. The Apgar score is a method to assess the health of newborn children 1 min and 5 min after birth. The Apgar score is determined by evaluating the newborn baby on five simple criteria (Appearance, Pulse, Grimace, Activity, and Respiration) on a scale from zero to two, then summing up the five values thus obtained. The resulting Apgar score ranges from 0 to 10.
The protocol was approved by the S. Orsola University Hospital Ethics Committee, and parental consent for study participation was obtained during the first day of life.
Blood and urine collection. Blood and urine specimens were collected 24 to 48 h after birth. A blood specimen was also collected after 7 d and 3 wk from birth for the determination of sCreat and the estimation of eGFR. Blood samples were collected in Vacutainer tubes (with clot activator and gel for serum separation). Serum was separated by centrifugation at 2500 rpm for 15 min, and sCreat was assayed immediately. Aliquots of sera were frozen at Ϫ20°C and analyzed subsequently to determine serum NGAL (sNGAL).
All urine samples were collected with a urine bag for 3 h, and urinary creatinine (uCreat) was assayed immediately. Within 24 h of collection, the urine was centrifuged for 10 min at 1500 rpm. The supernatant was stored at Ϫ20°C for successive determination of uNGAL and urinary KIM-1 (uKIM-1).
Laboratory assays. Creatinine was assayed from serum and urine specimens using Jaffè's method. The sCreat value was used to calculate the estimated GFR (eGFR) by applying Schwartz's formula, using the constant for preterm infant (0.33) (21, 22) .
The levels of sNGAL, uNGAL, and uKIM-1 were measured by commercially available colorimetric sandwich ELISAs, using a DV 990 BV5UV microplate reader (GDV, Rome, Italy).
The determinations of NGAL in both urine and serum samples were performed using an NGAL ELISA Kit 036 (BioPorto Diagnostic, Grusbakken, Denmark) according to the manufacturer's instructions. The urinary levels of KIM-1 were determined by ELISA Kit for human KIM-1 (USCN Life Science Inc., Wuhan, People's Republic of China) according to the manufacturer's protocol. All specimens were diluted to obtain the concentration for the optimal density according to the instructions of the ELISA kit. Both serum and urinary NGAL levels were expressed in nanograms per milliliter. The detection limit was Ͻ0.1 ng/mL.
To account for the effect of urinary dilution, the concentration of uCreat was used to normalize uNGAL and uKIM-1 measurements.
Statistical analysis. Descriptive data are presented as mean Ϯ SD or number and percentage, and biomarker levels are expressed as median and range. The normal distribution of each continuous variable was verified by the Kolmogorov-Smirnov test.
Group demographic and clinical characteristics were compared by Wilcoxon test, 2 test, or Fisher exact test, as appropriate, and renal function and biomarkers were compared by Wilcoxon test. Wilcoxon signed rank-sum test was used to analyze the variation in sCreat and eGFR at different follow-up examinations. Association among uNGAL, creatinine, and GFR values measured at birth and at d 21 were evaluated by Spearman correlation. To assess the sensitivity and specificity of uNGAL as a predictor of renal impairment, receiver operating characteristic (ROC) curves were generated, and the area under the curve (AUC) was calculated. An AUC of 0.5 is no better than that expected by chance, whereas a value of 1.00 indicates an ideal biomarker. The level of significance in all cases was set at p Ͻ 0.05. Statistical analyses were carried out using SAS 9.1 (SAS Institute, Cary, NC).
RESULTS
Patient characteristics. Between September 2008 and July
2009, 55 preterm infants with a BW Յ1500 g were hospitalized at the S. Orsola University Hospital NICU. We excluded infants with congenital anomalies (n ϭ 4), infants who died in the first 48 h of life (n ϭ 2), infants transferred to other units (n ϭ 4), and those with incomplete data (n ϭ 5). A total of 40 infants were eligible for the study: 16 infants were male (40%), and eight (20%) were small for GA, defined as BW below the 10th percentile according to the Italian Society of Neonatology growth curves (23) . Mean BW was 956.8 Ϯ 305.9 g (range, 433-1487 g), and mean GA was 27 Ϯ 2 wk (range, 22-32 wk). Three infants were assigned a 5-min Apgar score Ͻ5; one of the infants received a diagnosis of Grade 4 intraventricular hemorrhage.
Patent ductus arteriosus (PDA) was diagnosed by echocardiography in 26 infants (65%); 14 infants were treated with ibuprofen, and two infants underwent surgical ligation. Neonatal RDS was diagnosed in 27 infants (67.5%); they were treated with mechanical ventilation (51.9%) or nasal continuous positive airway pressure (48.1%). Necrotizing enterocolitis was diagnosed in one infant. Thirty-one (77.5%) neonates received aminoglycosides (Amikacin, 15 mg/kg/d) and 13 (32.5%) received dopamine and/or dobutamine infusions. Two infants (5%) developed hypotension, defined as blood pressure Ͼ 2 SD below normal values for age and weight (24) . Blood pressure was measured daily or several times a day, if necessary. Table 1 , we compared the following demographic and clinical characteristics during the first days of life: BW, GA, sex, PDA, intrauterine growth retardation, mechanical ventilation, aminoglycoside administration, and inotropic infusions (dopamine/dobutamine). We found that dopamine and/or dobutamine infusion was more common in the IRF group (75% versus 21.9%, p ϭ 0.0085).
Renal function biomarkers. As depicted in Table 1 , the median uNGAL level at d 1 in the IRF group was significantly higher than that of the NRF group (IRF versus NRF: 236.6 versus 57.6 ng/mL; p ϭ 0.0187). The sNGAL levels were also higher, but the difference was not significant (IRF versus NRF: 110.1 versus 81.7 ng/mL, p ϭ NS). The uKIM-1 values did not differ significantly between the two groups (IRF versus NRF: 25.0 versus 42.8 ng/mL, p ϭ NS). The concentrations of urinary biomarkers were normalized to uCreat concentration. The median uNGAL/uCreat value was significantly higher in the IRF group than the NRF group (IRF versus NRF: 32.5 versus 6.0 ng/mg; p ϭ 0.0096). In contrast, the median uKIM-1/uCreat value was similar between groups (IRF versus NRF: 3.8 versus 4.3 ng/mg, p ϭ NS). Moreover, high levels of uNGAL and IRF were not correlated with BW and GA in this study.
The uNGAL values at birth were positively correlated with differences in sCreat (r ϭ 0.51, p ϭ 0.0012; Fig. 1 Sensitivity and specificity of biomarkers. We compared the sensitivity and the specificity of uNGAL as an early marker of IRF in our population using four different cutoff values: 50, 100, 150, or 200 ng/mL (Fig. 2) . AUC was greater than 0.75 for cutoff values 100, 150, and 200 ng/mL. ROC curves were also plotted for sNGAL and uKIM-1. ROC analysis demonstrated that neither sNGAL nor uKIM-1 values adequately predicted creatinine changes in the first weeks of life in this study population (sNGAL AUC: 0.616, 95% CI: 0.391-0.841; uKIM-1 AUC: 0.438, 95% CI: 0.179 -0.697).
Mortality and prognosis. The mortality rate during the study period was 5% (n ϭ 2). Deaths were attributed to necrotizing enterocolitis (d 42) and pulmonary hypertension (d 29). Both infants were in the IRF group. BW was Ͻ750 g, and uNGAL at birth was higher than the cutoff value 100 ng/mL.
The morbidity of neonates was assessed in terms of days in the NICU. Infants in the IRF group spent a mean of 48.2 d in the NICU, whereas infants in the NRF group spent 35.5 d (p ϭ 0.7). Neonates with uNGAL Ͼ100 ng/mL at birth spent a mean of 44.2 d in the NICU, whereas neonates with uNGAL Ͻ100 ng/mL at birth spent 27.8 d in the NICU (p ϭ 0.09).
DISCUSSION
Premature birth increases the risk of medical and developmental problems, including IRF. Nephrogenesis begins at 5 wk gestation and is completed by 36 wk (8) ; 60% of all nephrons form during the third trimester (25) . In premature infants, this complex process seems to continue after birth for 40 d (26) , but it is not clear whether postnatal nephrogenesis is similar to intrauterine nephrogenesis.
Low BW is correlated with a reduced number of nephrons in humans (27) . In nonhuman primates, ongoing nephrogenesis after preterm birth is associated with a normal rate of glomerular formation, but glomerular density is lower and the number of abnormal glomeruli is higher (28) . Kidney function measurements in preterm infants reflect the kidney structure's Descriptive data are presented as mean Ϯ SD or absolute number with percentage; biomarker levels are expressed as median and range. immaturity at birth and typically show progressive development indicated by the concomitant increase in GFR (15, 16) . Thus, renal endowment in these infants can be affected by cardiac malformations (e.g. PDA), hypoxia, hypotension, nephrotoxic drugs (e.g. ibuprofen, aminoglycosides), and mechanical ventilation. The usual markers of kidney function are not able to identify preterm infants at risk for renal damage.
To evaluate potential biomarkers in preterm infants at risk of developing kidney damage, this study focuses on the first 3 wk of life of VLBW infants. NGAL has been implicated in various physiological and pathological processes. Mishra et al. (17) have recently reported an increase in NGAL expression and urinary excretion in response to acute renal failure (ARF) secondary to ischemic injury. NGAL may also function as an iron-binding transporter modulating essential life processes. In addition, NGAL may play a role in cellular defense against toxic stimuli on kidney and other epithelia (29) and in nephrogenesis, as a mesenchymal differentiating factor produced by the ureteric bud (30) .
In this study, most neonates (80%, NRF group) showed increased eGFR during the first 3 wk of life, which is consistent with results reported by Gallini et al. (15) and Miall et al. (16) . The other 20% of infants (IRF group) demonstrated stable or progressively deteriorating renal function. Both uN-GAL levels and normalized uNGAL/uCreat values at birth were significantly higher in the IRF group than in the NRF group. In contrast, sNGAL and uKIM-1 were not significantly different between infants with NRF and those with IRF. In our population of VLBW infants, we found a positive correlation of uNGAL values at birth with differences in sCreat and eGFR values from birth to d 21, but no correlation was found between uNGAL values at birth and sCreat and eGFR at d 7. However, sCreat values at d 7 tended to increase in IRF group, and to decrease in NRF group, mirroring the trend of sCreat between d 1 and d 21. We can hypothesize that 7 d after birth is a too early time point to use uNGAL as a predictive measure of renal function in neonates.
ROC analysis revealed that the cutoff value of 100 ng/mL was able to identify neonates with IRF during the first weeks of life, with a specificity of 67% and a sensitivity of 100%. This cutoff value is similar to that proposed to identify kidney damage in a recent meta-analysis of Haase et al. (31) and is higher than the reference range proposed by Huynh et al. (20) for VLBW infants with no risk factors for acute renal impairment. Our cutoff value seems to identify neonates with IRF in the first weeks of life and at risk for insufficient improvement of renal function.
In this study, IRF during the first weeks of life was not correlated with variables known to negatively influence renal function (hypotension, ibuprofen, mechanical ventilation, PDA, and intrauterine growth retardation) (32, 33) . This result may be due to the relatively small number of infants in this study and does not exclude the possibility that unknown factors affected renal function and NGAL in the first weeks of life. The higher usage of dopamine and dobutamine in the IRF group compared with the NRF group was the only significant clinical factor. However, the prevalence of hypotension in the first days of life was not higher in the IRF group. This finding may be due to the prevalence of hemodynamic factors in preterm infants that lead to the use of inotropic drugs, and the lack of a specific blood pressure threshold below which inotropic treatment is required. Thus, uNGAL may be a potential prognostic marker of hemodynamic instability. It is noteworthy that the mortality rate was higher in the IRF group than the NRF group (25% versus 0%), in line with data from Walker et al. (34) .
The increased uNGAL level in infants with IRF may be interpreted several ways. High NGAL levels may indicate prerenal ischemia, which can impair nephrogenesis in the first weeks of life. Alternatively, uNGAL values may indicate differentiation and growth of renal epithelium caused by immature nephrons, which stimulate glomerulogenesis. Our results cannot exclude the influence of other environmental, genetic, maternal, and inflammatory factors on uNGAL levels.
The use of creatinine and eGFR to determine renal function and the relatively small number of patients represent the principal limitations of our study. In addition, we evaluated only the first few weeks of life; therefore, we were not able to demonstrate that this period influences subsequent renal function in adulthood or nephron endowment, as reported by several authors, in terms of microalbuminuria, hypertension, chronic kidney disease, and cardiovascular disease (14, 35) .
In conclusion, renal function in VLBW infants was associated with urinary NGAL levels in the first day of life. It is possible that ischemic damage of the renal parenchyma leads to diminished nephrogenesis in these infants, but we are not able to exclude the possibility that other factors (maternal, environmental, or genetic) might affect renal development and increase the risk of comorbidities in premature infants. Thus, using the cutoff value of 100 ng/mL, uNGAL may be useful as a biomarker to identify VLBW neonates with IRF during the first 3 wk of life.
